It has been known that a tension between the mass-squared differences obtained from the solar neutrino and KamLAND experiments may be solved by introducing the Non-Standard flavor-dependent Interaction (NSI) in neutrino propagation. We discuss the possibility to test such a hypothesis by the future long baseline neutrino experiments T2HKK and DUNE. Assuming that NSI does not exist, we give the excluded region in the (ǫD, ǫN )-plane, where ǫD and ǫN are the parameters which appear in the solar neutrino analysis with NSI. It is found that the best-fit value from the solar neutrino and KamLAND data (global analysis) can be tested at more than 10σ (3σ) by the two experiments for most the parameter space.
I. INTRODUCTION
It is well established by solar, atmospheric, reactor and accelerator neutrino experiments that neutrinos have masses and mixings [1] . In the standard three flavor neutrino oscillation framework, there are three mixing angles θ 12 , θ 13 , θ 23 [2] [3] [4] . Although there are some indications that δ CP ∼ −90
• and ∆m 2 31 > 0 is favored, on the other hand, we do not know the value of the Dirac CP phase δ CP , the sign of ∆m 2 31 (the mass hierarchy) and the octant of θ 23 (the sign of 45
• −θ 23 ) with high-confidence level. To measure these undetermined neutrino oscillation parameters, neutrino oscillation experiments with high statistics, such as T2HK [5] , DUNE [6] , and T2HKK [7] have been proposed. With these precision measurements, we can also probe the new physics by looking at the deviation from the standard three flavor neutrino mixing scenario.
On the other hand, it has been known [8, 9] that there is a tension between the mass-squared difference deduced from the solar neutrino observations and the one from the Kam-LAND experiment. While Ref. [8] proposed the sterile neutrino oscillation with the mass-squared difference of order O(10 −5 ) eV 2 , it was pointed out in Ref. [9] that the tension can be resolved by introducing the flavor-dependent NonStandard Interactions (NSI) in neutrino propagation: [10] [11] [12] 
where f P and f ′ P are the fermions with chirality P , ǫ f f ′ P αβ is a dimensionless constant and G F is the Fermi coupling constant. Constraints on ǫ αβ have been discussed by many people in the past 1 ; from atmospheric neutrinos [15] [16] [17] [18] [19] , from e + e − colliders [20] , from the compilation of various neutrino data [21, 22] , from solar neutrinos [23] [24] [25] , from ν e e or ν e e scatterings [26, 27] , from solar and reactor neutrinos [28] , * mghosh@phys.se.tmu.ac.jp † yasuda@phys.se.tmu.ac.jp 1 See Refs. [13, 14] for extensive references.
from solar, reactor and accelerator neutrinos [29] . The constraints on ǫ ee and ǫ eτ from the atmospheric neutrino has been discussed in Ref. [30] along with those from the long-baseline experiments, in Ref. [31] by the Super-Kamiokande Collaboration, in Refs. [32] [33] [34] [35] [36] on the future atmospheric neutrino experiments. In recent past, NSI has been studied extensively in the context of long-baseline experiments .
In the analysis of the long-baseline experiments and the atmospheric neutrino experiments, the dominant oscillation comes from the larger mass squared difference ∆m 2 31 and the oscillation probabilities are expressed in terms of ǫ αβ in addition to the standard oscillation parameters. While the results in Ref. [9] may suggest the existence of NSI, the parametrizations for the NSI parameters (ǫ D , ǫ N ) in Ref. [9] are different from the one with ǫ αβ and it is not clear how the allowed region in Ref. [9] will be tested or excluded by the future experiments. In Ref. [61] , assuming the standard oscillation scenario, the excluded region in the (ǫ D , ǫ N )-plane by the atmospheric neutrino measurements at Hyper-Kamiokande was given. In this paper we discuss the sensitivity of the accelerator based neutrino measurements T2HKK and DUNE to NSI using the same parametrization as in Ref. [9] . Since the parametrization which is used in Ref. [9] is different from the one ǫ αβ in the three flavor basis, a non-trivial mapping is required to compare the results in these two parametrizations.
As in the case of the standard scenario [62] [63] [64] [65] , parameter degeneracy in the presence of the new physics has been studied in Refs. [42, 45, 50, 52, 57, 58, 66, 67] . Since little is known about parameter degeneracy in the parametrization of ǫ D and ǫ N , and since the study of the subject is beyond the scope of this paper, we do not discuss parameter degeneracy here. This paper is organized as follows. In section II, we describe the neutrino oscillations in the presence of NSI in neutrino propagation, and we give some descriptions of the T2HKK and DUNE experiments. In section III, we describe the correspondence between the parametrization ǫ αβ in the long baseline and (ǫ D , ǫ N ) in the solar neutrino experiments. In section IV, we give our results. In section V, we draw our conclusions.
αβ since the matter effect is sensitive only to the coherent scattering and only to the vector part in the interaction. As can be seen from the definition of ǫ αβ , the neutrino oscillation experiments on the Earth are sensitive only to the sum of ǫ f αβ .
B. Solar neutrinos
In Refs. [8, 9] it was pointed out that there is a tension between the two mass squared differences extracted from the KamLAND and solar neutrino experiments. The mass squared difference ∆m . The authors of Refs. [9] discussed the tension can be removed by introducing NSI in propagation.
To discuss the effect of NSI on solar neutrinos, we reduce the 3 × 3 Hamiltonian in the Dirac equation Eq. (2) to an effective 2 × 2 Hamiltonian to get the survival probability P (ν e → ν e ) because solar neutrinos are approximately driven by one mass squared difference ∆m 2 21 [9] . The survival probability P (ν e → ν e ) can be written as 
where ǫ 
Ref. [9] 
C. T2HKK and DUNE
The T2HKK experiment [7] is a proposal for the future extension of the T2K experiment [68] , 2 and a wateř Cerenkov detector of fiducial mass 187 kt is placed not only in Kamioka (at a baseline length L = 295 km) but also in Korea (at L ≃ 1100 km), whereas the power of the beam at J-PARC in Tokai Village is upgraded to 1.3 MW. In a similar manner to the off-axis design (2.5
• ) in the T2K experiment, it is assumed that T2HKK uses an off-axis beam at a 1.5
• angle between the directions of the decaying charged pions and neutrinos, and the neutrino energy spectrum has a peak approximately at 0.8 GeV.
On the other hand, DUNE [6] is another long baseline experiment which is planned in USA. Its baseline length and peak energy is L=1300 km, E ∼ 3 GeV, respectively. It will be driven by a 1.2 MW proton beam, and is designed to accommodate future beam power upgrades to 2.4 MW. It is expected that a liquid argon detector of fiducial mass 40 kt gives information for wide range of the neutrino energy.
The matter effect appears in the neutrino oscillation probability typically in the form of
The baseline length of T2HK (L = 295 km) is too short for the matter effect, so T2HK has poor sensitivity to NSI in the neutrino propagation. The baseline lengths of T2HKK and DUNE are comparable to the typical length which is estimated by the matter effect, so T2HKK and DUNE are expected to be sensitive to NSI in the neutrino propagation.
We have used the GLoBES [85, 86] and MonteCUBES [87] softwares to simulate all the above experiments. The run time of both DUNE and T2HKK is taken as 10 years. For T2HKK the ratio of neutrino and antineutrino running is 1:3 while for DUNE it is 1:1. Our results are consistent with Refs. [6, 7] . We calculate our sensitivity in terms of χ 2 in the following way:
The index i corresponds to the number of energy bins, and N test i stands for the test events which are obtained by the original test events N test i by a scale factor to incorporate the effect of the systematic errors in the following way:
2 The possibility of a second detector in Korea for the T2K experiment was discussed in the past [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] .
where c k i is the 1σ systematic error corresponding to the pull variable ξ k , the index k stands for number of pull variables. The final χ 2 is obtained by varying ξ k from −3 to +3 corresponding to their 3σ ranges and minimizing the combination of the statistical (χ 2 stat ) and systematic ( k ξ 2 k ) contributions over ξ k and the oscillation parameters:
For T2HKK we have taken an overall systematic error of 3.2% (3.6%) for appearance (disappearance) channel in neutrino mode and 3.9% (3.6%) for appearance (disappearance) channel in antineutrino mode. Systematic error is the same for both the signal and the background. The systematic error for DUNE is 2% (10%) for appearance channel and 5% (15%) for disappearance channel corresponding to the signal (the background). The systematic errors in neutrino and antineutrino mode are the same for DUNE.
III. CORRESPONDENCE BETWEEN THE LONG BASELINE AND SOLAR NEUTRINO EXPERIMENTS
Our strategy in this paper is to give the excluded region in the (ǫ is a many-to-one mapping, so we have to choose the independent and dependent variables from the two relations (7) and (8) . In the following, we will treat ǫ 3 The second point to mention is that the constraint on ǫ µµ is so strong [21, 22] that |ǫ µµ | is much smaller than the error of ǫ f ee and ǫ f τ τ . Thus we can assume ǫ µµ = 0 with a good approximation in Eqs. (7) and (8) . Since the analysis in Ref. [9] was done for real ǫ • (outside of the curves). The allowed regions at 90%CL and 3σ suggested by the global analysis [9] are also shown in dashed curves (inside of the curves). The large (small) red and black circles stand for the best fit points for the case of f = u and f = d from the global (solar + KamLAND) analysis [9] , respectively.
where φ jk , F and G are defined by It is understood that this prior should be included in χ 2 , i.e., In our analysis we found that the effect of |ǫ f eµ | as well as arg(ǫ f eµ ) is small compared to |ǫ µτ | and arg(ǫ µτ ). In the following analysis, therefore, we fix the value |ǫ f eµ | as 0. We will discuss this point in detail in the next section.
IV. RESULTS
Assuming that Nature is described by the standard oscillation scheme and that the mass hierarchy is known, we have obtained χ 2 at each point in the (ǫ For comparison, the allowed regions at 90%CL and 3σ suggested by the global analysis in Ref. [9] are also depicted. The large (small) red and black circles stand for the best fit points for the case of f = u and f = d from the global (solar + KamLAND) analysis respectively. The left column is for normal hierarchy (∆m 2 31 > 0: NH) and the right column is for inverted hierarchy (∆m 2 31 < 0: IH) whereas the first row is for T2HKK and the second row is for DUNE.
In general the sensitivity of DUNE is better than that of T2HKK. We observe that the both experiments will exclude some of the regions suggested by the global analysis, although it is difficult for the both experiments to exclude the region near the origin (the standard scenario). The best fit point of the combined analysis of the solar neutrino and KamLAND data by Ref. [9] can be excluded at more than 10σ, while the best fit point of the global analysis in Ref. [9] can be excluded at 3σ, by both T2HKK and DUNE. For T2HKK the sensitivity is same for both NH and IH whereas for DUNE the sensitivity in IH is slightly better than NH. It is remarkable that the excluded region is relatively horizontal, i.e., the constraint is stronger in the direction of ǫ f N compared to the one of ǫ f D . This is because the appearance probability P (ν µ → ν e ) is sensitive to |ǫ eτ | ∼ |ǫ f N | while ǫ f D ∼ ǫ ee changes the magnitude of the matter effect and the accelerator based long baseline experiments with energy E ν ∼ a few GeV and with baseline lengths L ∼(1000km) are not very sensitive to the matter effect. Now let us discuss the effect of ǫ eµ and ǫ µτ . To understand that we calculate the χ 2 for the NSI parameter set (ǫ D , ǫ N ) =(-0.14, -0.03) which is the best fit point of the global analysis for f = u in Ref. [9] [61, 88] in the (ǫD, ǫN ) plane. Others are the same as in Fig. 1. tively. From these it is clear that we have more effect of ǫ µτ on the sensitivity than that of the ǫ eµ . We list the values of the different oscillation parameters corresponding to the χ 2 mentioned above in Table I . To understand it further in Fig. 2 , we have plotted the appearance channel probability vs energy for the T2HKK baseline for the cases (ii) and (iii) along with the standard one, i.e., without NSI. The value of θ 23 and δ CP are 45
• and −90
• respectively. The left panel is for neutrinos and the right panel is for antineutrino. In the panels we have also given the corresponding fluxes (in arbitrary units). From the panels we see that in the energy range E < 2 GeV (which is the region of interest for T2HKK) the separation between the standard curve and the green curve is less conspicuous than the separation between standard and purple curve. This explains the reason why introducing ǫ µτ affects the sensitivity in a more significant way than ǫ eµ does.
For comparison with the HK atmospheric neutrino observation, which is analyzed in Refs. [61] and [88] , in Fig. 3 we show the excluded regions at 2σ and 3σ for T2HKK, DUNE and the HK atmospheric neutrino observation. The analysis of the HK atmospheric neutrino observation in Refs. [61] and [88] was done with the codes that were used in Ref. [89] [90] [91] [92] on the assumption that the HK fiducial volumes are 0.56 Mton, which is the old design of HK, and the observation is done for 12 years, that the HK detector has the same detection efficiencies as those of Super-Kamiokande (SK) and that HK atmospheric neutrino data comprise the sub-GeV, multi-GeV and upward going µ events as in the case of SK. In the case of normal hierarchy, we can see from Fig. 3 that the sensitivity of the HK atmospheric neutrino experiment is better than that of the accelerator based experiments particularly with respect to ǫ D . This is because the atmospheric neutrino experiment has information from a wide range of the baseline lengths up to the diameter of the Earth (∼ 13000km) and it is more sensitive to the matter effect. On the other hand, in the case of inverted hierarchy, the sensitivity of the HK atmospheric neutrino experiment is inferior. This is because atmospheric neutrino experiments with waterČerenkovdetectors measure only the sum of neutrinos and antineutrinos, and there is a destructive phenomenon in which the deviations of the neutrino and antineutrino modes are averaged out [92] . In the case of the accelerator based experiments, which separately measure the neutrino and antineutrino modes, such a destructive phenomenon does not occur and the sensitivity for inverted hierarchy is almost the same as that for normal hierarchy.
In Figs. 1 -3 we have assumed that the true oscillation parameters are θ 23 = 45
o and δ CP = −90 o . We have also studied the dependence of the excluded regions by the two experiments on the true oscillation parameters θ 23 and δ CP , and the results are given in Fig. 4 . The first two rows are for T2HKK whereas the third and fourth rows correspond to DUNE. Each panel of Fig. 4 corresponds to a particular true value of θ 23 and the four contours correspond to four different values of δ CP . We have considered three choices of true θ 23 which are 41
• , 45
• and 45
• along with four choices of δ CP which are 0
• , 90
• , 180
• , 270
• . In these plots the red and black circles are the best fit points for the case of f = u and f = d from the global analysis respectively. From these plots the following features can be observed:
• The dependence of the excluded regions on θ 23 is small, while the dependence on δ CP is relatively large.
• The sensitivity of T2HKK for NH and IH is almost same whereas for DUNE the sensitivities are different in NH and IH. In fact for DUNE, the sensitivity in IH is slightly better than NH. This can be attributed to the fact that for T2HKK we have taken 1:3 running of neutrino and antineutrino beam but for DUNE this ratio is 1:1.
• In T2HKK the sensitivities corresponding to δ CP = 90
• and 270
• are almost same but this is not the case for DUNE. This may be due to the fact that T2HKK will use a narrow band flux and mainly covers the second oscillation maximum but for DUNE the flux is wide band and it covers both the first and second oscillation maximum. • Among the four choices of δ CP , the sensitivity is poor for δ CP = 180
• . This is true for both T2HKK and DUNE.
• The bes-fit points can be ruled out at 3σ for all the combinations of θ 23 and δ CP in T2HKK and (DUNE, NH) except δ CP = 180
• . For (DUNE, IH), even the best-fit points for δ CP = 180
• can be excluded at 3σ. Table II , we give the χ 2 for the best-fit point (ǫ D , ǫ N ) =(-0.14, -0.03) in NH. The numbers in the table also confirm that the capability of T2HKK and DUNE to exclude the NSI best fit point does not depend much on the true value of θ 23 but it heavily depends upon the true value of δ CP . The sensitivity is maximum for δ CP = 0 • and worst for δ CP = 180
Finally in
• in NH. From the table we also understand that the capability of T2HKK to exclude this particular bestfit point is better than DUNE for δ CP = 0
• , (δ CP = 90
• , θ 23 = 49
• ), and (δ CP = −90
• , θ 23 = 41 • ).
V. CONCLUSION
In this paper we have studied the sensitivity of the future accelerator based neutrino long baseline experiments, T2HKK and DUNE, to NSI which is suggested by the tension between the mass squared differences from the solar neutrino and KamLAND data. We have given the excluded regions in the in the (ǫ D , ǫ N ) plane, and it turned out that the sensitivity of DUNE is slightly better than that of T2HKK. We found that the both experiments will exclude some of the regions suggested by the global analysis, although it is difficult for the both experiments to exclude the region near the standard scenario point. If there are no non-standard interactions in nature, then the best fit point of the combined analysis of the solar neutrino and KamLAND data by Ref. [9] can be excluded at more than 10σ, while the best fit point of the global analysis in Ref. [9] can be excluded at 3σ, by T2HKK and DUNE for most of the parameter space. We have found that the accelerator based long baseline experiments are sensitive to the parameter ǫ N rather than to ǫ D . The sensitivity of the two experiments turned out to be comparable to, or in the case of inverted hierarchy, even better than that of the HK atmospheric neutrino experiment.
If the tension between the solar and KamLAND experiments is due to NSI in neutrino propagation and if the true values of the parameters lie near the best fit point, then we may be able to see the affirmative signal in these long baseline experiments in the future.
